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Abstract : Using Sampled Continuous Wave technique and an unique bonding of the sample to the transducer to achieve optimal coupling, quasi 
free oscillations are set up in a transducer + sample oscillator system using low frequency RF signals. Under optimal coupling conditions, the acoustic 
energy dissipation is primarily in the crystal and is monitored through the changing Q of the composite oscillator Ultrasonic experiments performed 
on a twinned single crystal of YBa^CUjO,,  ^was able to reveal the superconducting transition in the bulk of the material and also the melting transitions 
in the flux lattice system in presence of an external magnetic field. The results obtained with this technique, using low frequency and low excitation 
amplitude, points towards sampled CW technique to be a very sensitive and an alternative experimenlal probe for small HTS single crystals
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1 . In tro d u c tio n
Foi over a  d e c a d e , th e  h ig h  te m p e ra tu re  su p e rc o n d u c tin g  (H T S ) 
m aterials a re  in  th e  fo c u s  o f  in te n se  th e o re tic a l a n d  e x p e r im e n ta l 
investigations. M u c h  o f  th e  in te re s t  is  in  s tu d y in g  th e  p ro p e r tie s  
ul flux lines in  th e  m ix e d  p h a s e  o f  the.se ty p e - l l  su p e rc o n d u c tin g  
m aierials. A  d e ta i le d  re v ie w  w a s  d o n e  b y  B la t te r  et al [1 ] , In  
most e x p e r im e n ta l te c h n iq u e s ,  in t r in s ic  p ro p e r t ie s  o f  th e  f lu x  
line en sem b le  a rc  e x tr a c te d  v ia  th e  in te ra c t io n  o f  th e  b a c k g ro u n d  
ionic la t t ic e  w i th  th e  v o r t ic e s  th r o u g h  p in n in g . P a n k e r t  [2 ] 
showed th a t w h e n  th e  v o r te x  s y s te m  is  su f f ic ie n tly  p in n e d  (ie. 
below th e  d e p in n in g  te m p e ra tu re )  u l t r a s o u n d  p ro p a g a t io n  is  
influenced b y  th e  e la s t ic  n a tu re  o f  th e  f lu x  l in e s  e m b e d d e d  in  
ibc sa m p le . U l t r a s o u n d  in d u c e d  m o tio n  o f  th e  io n ic  la t t ic e  
interacts w ith  th e  p in n e d  v o r te x  s y s te m  to  p ro d u c e  d is s ip a t io n . 
T h e se  i d e a s  w e r e  c o n f i r m e d  e x p e r i m e n t a l l y  [ 3 ]  f o r  
su p erco n d u c to rs  w ith  h ig h  p in n in g  d e n s i ty .
W hen  th e  f lu x  l in e s  (F L s )  a re  p in n e d , th e y  a rc  v ib ra te d  by  
iiitrasound th r o u g h  th e  v ib r a t io n  o f  th e  p in n in g  c e n te r s  in  th e  
bulk o f  th e  s a m p le . T h u s  a l l  F L s  in  th e  s a m p le  a re  v ib ra te d  by  
ultrasound le a d in g  to  a  b u lk  m e a s u re m e n t te c h n iq u e . In  c o n tra s t, 
for ex am p le , in  A C  s u s c e p tib i l i ty  m e a s u re m e n ts , d u e  to  sh ie ld in g
the A C  c u r r e n t ,  o n ly  F L s  n e a r  th e  s u r fa c e  a n d  th e  g ra in  
boundaries a n d  e x c ite d .  A ls o  in  th e  lo n g  w a v e le n g th  re g im e
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w h e re  th e  e x p e r im e n ts  w e re  p e r f o rm e d , w ith  A »  th ic k n e s s  o f  
th e  s a m p le , th e  c u r re n t  d e n s i ty  ( -  1 (H  A /c m ^ ) d u e  to  so u n d  
in d u c e d  io n ic  m o tio n  is  o rd e r s  o f  m a g n i tu d e  lo w e r  th a n  w h a t is  
u su a lly  e m p lo y e d  ( -  0 .5  A /c m ^ ) in  tr a n s p o r t  e x p e r im e n ts  a n d  
h e n c e  th is  u l tra s o n ic  s e tu p  m im ic s  th e  q u a s i- s ta t ic  s ta te  o f  th e  
F L 's  m o re  a ccu ra te ly .
A  n o v e l u l tra s o n ic  te c h n iq u e  in  th e  fo rm  o f  sa m p le d  C W  
te c h n iq u e  h a s  b e e n  fo u n d  to  b e  id e a l fo r  sm a ll s a m p le s . In  th is  
p a p e r  w c  p r e s e n t  o u r  r e s u l t s  o b ta in e d  u s in g  s a m p le d  C W  
tec h n iq u e  o n  a  tw in n e d  s in g le  cry.stal o f  Y B a 2Cu^ 07 ,6  In  sam p le d  
C W  te c h n iq u e , a  c o n tin u o u s  w a v e  o s c i l la to r  is g a te d  o n  fo r  a 
t im e  tj  s u f f ic ie n tly  lo n g  s o  th a t s te a d y  s ta te  c o n d it io n s  in  th e  
u lt ra s o n ic  re s o n a to r  a re  a c h ie v e d . A l t =  th e  tr a n s m itte r  is 
g a te d  o f f ,  a n d  th e  r e c e iv e r  w h ic h  w a s  g a te d  o f f  d u r in g  th e  
tr a n s m itte r  o n  p o r t io n  o f  th e  c y c le ,  is g a te d  o n . T h e  r e c e iv e r  
th u s  s a m p le s  th e  c o n tin u o u s  w a v e  u l t ra s o n ic  s ig n a l th a t w a s  
e s ta b lish e d  in  th e  re s o n a to r  d u r in g  th e  tra n sm itte r  ”O N " in te rv a l. 
T h e  o u tp u t  o f  th e  t r a n s d u c e r ,  a m p l i f i e d  a n d  d e t e c t e d ,  is  
p ro p o r tio n a l to  th e  in s ta n ta n e o u s  a c o u s t ic  p a r t ic le  v e lo c ity  a t 
th e  2  =  0  fa c e  o f  th e  tr a n s d u c e r  a n d  is  n o t c o m p l ic a te d  b y  th e  
p r e s e n c e  o f  th e  t r a n s m i t t e r  v o l t a g e .  T h u s ,  c r o s s  t a l k  is  
e lim in a te d . T h e  s a m p le d  C W  te c h n iq u e  p e rm its  tw o  m o d e s  o f  
o p e ra t io n , f re q u e n c y  d o m a in  o b s e r v a tio n  a n d  th e  t im e  d o m a in  
o b se rv a tio n . In  th e  t im e  d o m a in  m o d e  o f  o p e ra t io n , th e  d e c a y  o f
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u ltra s o n ic  re s p o n s e  f ro m  th e  s te a d y  s ta te  c o n d it io n  is  m o n ito re d  
fo r  a  f ix e d  f r e q u e n c y  w  =  , c o r r e s p o n d in g  to  th e  c e n te r  o f
th e  m e c h a n ic a l  r e s o n a n c e  o f  th e  sy s te m .
2, Experimental setup
T h e  s c h e m a tic  o f  th e  s e tu p  fo r  th is  te c h n iq u e  is s h o w n  in  th e  
b o tto m  p a r t  o f  F ig u r e  1. T h e  Y B a^C U g O ^^  (Y B C O )  c ry s ta l  is  
p la c e d  o n  a n  o v e r to n e  p o lis h e d  a n d  g o ld  p la te d  X -c u t q u a r tz  
tr a n sd u c e r . T h is  sm a ll c ry s ta l  is  th e n  p re s se d  o n  to  th e  tr a n d u c c r  
u s in g  v e ry  f in e  th re a d s  ( -  l | i m  d ia m e te r )  o f  G E -v a rn is h . T h u s , 
th e re  is n o  " re a l"  b o n d  m a te r ia l  u se d  b e tw e e n  th e  t r a n s d u c e r  
a n d  th e  c ry s ta l .  T h e  v a rn is h  th re a d s  w e re  th e  o n ly  m e a n s  o f  
h o ld in g  o r  p re s s in g  th e  s a m p le  o n  to  th e  tra n sd u c e r . I t  is b e e n  
t h e o r e t i c a l l y  d e t e r m i n e d  th a t  u n d e r  th e  o p t im a l  c o u p l in g
c o n d i t i o n  o f  Qsampie ^Qtramdmer r c s u l t i n g  in  
Qtotai ~  Qsampie, ih c  s c n s it iv ity  is m a x im u m . T h e  tr a n s d u c e r  
is  m o u n te d  o n  tw o  lo n g  p a ra l le l  g o ld  w ire s  w ith  b o th  e n d s  f ix e d , 
s u p p o r t in g  th e  tr a n s d u c e r  +  s a m p le  a n d  a ls o  a c tin g  as  e le c tr ic a l 
g ro u n d  c o n n e c t io n  fo r  th e  tra n sd u c e r . R F  s ig n a l is a p p lie d  to  
th e  o th e r  s id e  ( o p p o s i t e  to  th a t  o f  th e  g o ld  w ir e s )  o f  th e  
t r a n s d u c e r  th r o u g h  c o u p le  o f  v e ry  so f t  s p r in g s  o f  n o n  m a g n e tic  
B e -C u  w ire , to u c h in g  th e  tr a n s d u c e r  su r fa c e  a s  lig h tly  as p o ss ib le  
to  r e d u c e  m e c h a n ic a l  lo a d  o n  th e  t r a n s d u c e r  +  s a m p le  sy s te m . 
T h u s ,  th e  s y s te m  is  d e s ig n e d  to  o s c i l la te  a s  f re e ly  as  p o s s ib le .
R F  C o n ta c t 
(B e -C u  spring)
Fin e  threads 
of Q E  Varnish
G o ld  leads 
-  (ground connection)
X.»  d . thickness o f the s a m p le , assu re s 
no d isp lace m en t gradient fo r th e ions; 
sam ple thickness ( d ) : -  50 p m  (optical 
m icrosc op e); so u n d  velocity c: 5 000 
m/s: operating fre q u e n c y ; 5 M H 2  X  - 1
m m  »  sam ple thickness (d)
X -  1mm
Lo c a l flux density m odulation
S a m p le  thickness 
- S O  p m
T w o  ions with sa m e  
p h ase  a n d  m agnitude 
o f v e lo c ity
S m a lt  a m p litu d e  a n d  lo w  
fr e q u e n c y  flu x  lin e  d e n s ity  
m o d u la tio n  le a d s  to  q u a s i* 
s ta tic  d is t u r b a n c e  in th e  
otherw ise equilibrium state of 
the flux line lattice.
F ig u r e  1 . S ch em a tic  o f  ex p er im en ta l se tu p  in  sam p led  C W  tech n iq u e  
(top) and how  ultrasound m ^ u la te s  loca l FL density  (bottom ) in a  H TS  
sam p le.
T h e  p ro b e  w a s  c o o le d  w ith  l iq u id  n i t ro g e n  in  a  b a th  cryostat 
( J a n is  R e s e a rc h )  a n d  te m p e r a tu r e  c o n tr o l  w a s  d o n e  usjng a 
L a k e s h o re  C ry o tro n ic s  te m p e ra tu re  c o n tr o l le r  (D R C 9 3 C A ) and 
a  c a r b o n - g la s s  r e s i s to r  te m p e r a tu r e  s e n s o r .  A  conven tional 
e le c t r o m a g n e t  (V a r ia n  F i e l d i a l  M a r k  IV )  w a s  u se d  to do 
m e a s u re m e n ts  in  m a g n e t ic  f ie ld s  u p  to  1 ,6  T e s la . R F  pulse k 
g e n e r a t e d  a n d  d e t e c t e d  b y  a  s t a n d a lo n e  u l t r a s o n ic  pulse 
g e n e r a to r  a n d  d e te c to r  u n it ,  R A M - 1 0 0 0 0 , m a n u fa c tu re d  
R IT E C  In c , W a rr ic k sh ire , R I.
A  5 M H z  R F  p u ls e  o f  w id th  1 0 0 -1 5 0  |Lis w a s  a p p lie d  to ihc 
tran .sd u cer, w ith  a  r e p e t i t io n  ra te  o f  2 5 H z , .se tting  th e  transduce? 
+  sa m p le  o sc illa to r  sy s te m  in to  m e c h a n ic a l v ib ra tio n . Im inedialcly 
a f te r  th e  p u lse , th e  a m p litu d e  o f  o sc i lla tio n  o f  th e  sy s te m  decayed 
w ith  a  c h a r a c t e r i s t i c  t im e  c o n s ta n t .  T h e  a t te n u a t io n  of the
o .sc illa to r  w a s  d c tc m iin c d  b y  o b s e r v in g  th e  a m p litu d e  ol ihc 
e x p o n e n tia lly  d e c a y in g  p ro f ile  o f  th e  a p p lie d  R F  s ig n a l. F o r this, 
tw o  h ig h  im p e d a n c e  re c e iv e r s  ( f a s t  g a te d  b o x c a r  b u il t in to the 
R A M - 1 0 0 0 0  s y s te m )  w e re  u se d  to  tw o  k n o w n  a n d  fix ed  times 
a f te r  th e  p u ls e . W ith  th e  a v a ila b le  e le c tro n ic s ,  a tte n u a tio n  am id  
e a s i ly  b e  d e te r m in e d  w ith  a  r e s o lu t io n  o f  lO^'^ d B / |i s  o r about 2 
X 1 0 "*^  d B /c m  (s o u n d  v e lo c ity  -  5(KX) m /s ) .
3. Experimental resutls
E x p e rim e n t w as [>erform cd o n  a tw in n e d  s in g le  c ry s ta l o f  YBCXO 
T h e  c ry s ta l  w a s  g ro w n  u s in g  s e l f - f lu x  te c h n iq u e  a n d  has a  ^ ~ 
9 3 .8 K  w ith  a  tr a n s i t io n  w id th  o f  -  0 .3 K  a s  d e te rm in e d  by lou 
fie ld  a c -s u sc e p tib il i ty  e x p e r im e n t. It h a s  d im e n s io n  o f  1 .3 x  0  7^ 
X  0.1 mm^^. F ig u re  2  s h o w s  th e  c h a n g e s  in  so u n d  a tte n u a tio n  as 
a  fu n c tio n  o f  te m p e ra tu re  a t d i f f e re n t  m a g n e t ic  f ie ld s  applied 
p a ra lle l to  th e  a -b  p la n e  o f  th e  c ry s ta l-  T lie  a tte n u a tio n  is obtained 
a f te r  s u b s lr a c t in g  a c o n s ta n t  b a c k g ro u n d  d u e  to  th e  transducer 
a n d  b o n d s . A s  c a n  b e  to  se e n  f ro m  th e  f ig u re , in  th e  normal 
s ta te , a t te n u a tio n  d e c re a s e s  m o n o to n ic a l ly  w ith  ic m p c ra iu ic  tor 
all ap p lie d  fie ld  v a lu e s  in  th is  e x p e rim e n t. IT ic fact th a t all coolinie
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Figure 2. Attenuation v.r temperature at different magnetic fields appli^ ^
parallel to a-b plane of the crystal.
U ltr a s o n ic  a tte n u a tio n  c h a n g e s  n e a r  th e  su p e rc o n d u c tin g  a n d  m e ltin g  tra n s itio n  e tc 325
urves in th e  n o rm a l s ta te  fa ll e x a c t ly  o n  e a c h  o th e r  is e x p e c te d . 
Normal s ta te  e le c t ro n ic  p ro p e r t ie s  a re  n o t  e f f e c te d  b y  f ie ld s  (a t 
least in th e  f ie ld  ra n g e  th a t  th is  w o rk  w a s  p e r fo rm e d ) .  T h is  a lso  
c{)iToborates a  b a s ic  c la im  th a t i f  th e  c o u p lin g  b e tw e e n  th e  sam p le  
jnej transducer i s  j u s t  o p t i m a l ,  a n y  e f f e c t  s e e n  in  th e  
superconducting s ta te  Le. b e lo w  th e  c ritic a l te m p e ra tu re , is so le ly  
juc* to d is s ip a t io n  in  th e  s u p e r c o n d u c t in g  s ta te .
As th e  s a m p le  is c o o le d  b e lo w  th e  c r i t ic a l  te m p e ra tu re ,  
attenuation s ta r ts  to  d r o p  fa s te r . F o r  a c tu a l c a lc u la t io n s ,  th e  
jcviation f ro m  th e  l in e a r  p a r t  is  ta k e n  a s  th e  o n s e t  p o in t .  A s an  
aid. the o n s e t o f  th e  d r o p  a t  -  9 3 .5 K , f o r  B  =  0 .0 0 3 5 T  is  
approximately m a rk e d  w ith  an  a rro w . D e c re a s e  o f  a tte n u a tio n  is 
viewed as e q u iv a le n t to  le s s  lo s s  in  th e  s y s te m , w h ile  a n  in c re a se  
h viewed a s  m o r e  lo s s .  W h ile  p a s s in g  f ro m  n o rm a l to  th e  
superconducting  s ta te , th e  c ry s ta l  g o e s  to  a  m o re  o rd e re d  s ta te  
and hence th e re  is  le s s  a c o u s t ic  e n e rg y  d is s ip a t io n  v ia  s c a t te r in g  
in the sy s tem . H e n c e  it c a n  b e  a rg u e d  th a t  th is  o n se t o f  th e  d ro p  
in a tten u a tio n  r e p r e s e n ts  o n s e t  o f  t r a n s i t io n  f ro m  n o rm a l to  
superconducting  s ta te . O n  th e  o th e r  h a n d , b e lo w  th e  tr a n s it io n  
(em perature, f lu x  l in e s  a rc  p re s e n t  in  th e  s u p e r c o n d u c to r  in  an  
entangled " l iq u id ” fo rm  a n d  th e i r  th e rm a l a n d  so u n d  in d u c e d  
Muition b e c o m e s  im p o r ta n t .  T h u s  a t  s u b s e q u e n tly  h ig h e r  f ie ld s , 
.lucnuaiion (d is s ip a t io n )  is  a ls o  h ig h e r  (a t  s a m e  te m p e ra tu re ) . A  
plot o f th e  a p p lie d  f ie ld  v.v. o n s e t te m p e ra tu re  is  sh o w n  in  F ig u re  
The so lid  lin e  is  a  fit le a d in g  to  te m p e ra tu re  d e p e n d e n c e  o f  B 
as ^  oc ( I -  /  ^ ) w h e re  t is  th e  r e d u c e d  te m p e ra tu re  t =  7 /T  . I 'h e  
l)cst fit is g e n e ra te d  w ith o u t  u s in g  th e  d a ta  p o in t a t 0 .0 0 3 5 T  It is 
interesting to  n o te  th a t  th e  m e a n  f ie ld  e x p re s s io n  fo r  / / ^  a ls o  
has the sam e  ( l~ /^ )  d e p e n d e n c e . T h e  re s u lt in g  T^TO) fro m  th a t 
111 IS ~ 9 3 .4 7 K  w h ic h  is ju s t  th e  r ig h t  c r i t ic a l  te m p e ra tu re  a t z e ro  
ijckl when th e rm a l lag  is  a c c o u n te d  for. T h e  s lo p e  o f  th e  f i tte d  
curve at T ^ (0 ) ( ta k e n  a s  9 3 .4 7 K )  is  - 5 .6 T /K .  T h e  u p p e r  c r i t ic a l
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figure 3. Field vs P  at the superconducting transition (right) and melting 
temperature (left). Solid lines represent the fitted curves.
f ie ld  v a lu e  o f  2 6 I T  a n d  th e  s lo p e  at a g re e s  w e ll w ith  so m e  
p u b lis h e d  [4 ] n u m b e rs . H e n c e , it c a n  b e  s a fe ly  c o n c lu d e d  th a t 
th e  o n se t o f  th is  s te p - l ik e  d ro p  in  a t te n u a tio n  m a rk s  th e  n o rm a l 
to  s u p e rc o n d u c tin g  tr a n s i t io n  p o in t .
F ig u re  3 a ls o  s h o w s  a  p lo t o f  e n d p o in ts  o f  th e  trn a s ii io n  at 
' d if fe re n t  f ie ld s . T h e  e n d p o in t  is c h o jicn  to  b e  th e  p o in t w h e re  
th e  a tte n u a tio n  v a lu e s  fo r  d if fe re n t f ie ld s  le v e ls  o ff . T h e se  p o in ts  
a re  a p p ro x im a te ly  m a rk e d  w ith  a r ro w s  in F ig u re  2. S im p le  c u rv e  
f i t t in g  re s u lte d  in  a  f ie ld  d e p e n d e n c e  a s  B o c w h ic h  is 
q u ite  d if fe re n t  f ro m  o n e  fo u n d  b e fo re . T h is  oc(l -
d e p e n d e n c e  p e r fe c tly  m a tc h e s  th e  th e o re tic a l e x p re s s io n  fo r  
m e llin g  o r freez in g  field  fo r the  llu x  line la ttice . F lu x  la ttice  m eltin g  
is  a  in in s i t io n  fro m  a ra n d o m ly  o r ie n te d  a n d  e n ta n g le d  liq u id  
s ta te  c|F th e  flu x  lin e s  to  a  m o re  o rd e re d  s o lid  s ta te  w h e re  th ey  
a rc  a r ra n g e d  in  a  re g u la r  m a n n e r . T h e  m o tio n  o f  flu x  l in e s  is 
im prejteed  by  c o u p lin g  o f  th e  flu x  lin e s  w ith  th e  io n ic  b a c k g ro u n d  
o f  th e  c ry s ta l .  T h is  m o t io n  o r  so u rc e  o f  d is s ip a t io n  v a n is h e s  
a s  th e  s a m p le  te m p e r a tu r e  r e a c h e s  a  v a lu e  w h e re  th e  f lu x  
lin es ^ fre e z e s” in  a  p re s u m a b ly  re g u la r  a rra y  fo rm in g  a  so lid  flux  
la ttice .
4. Conclusions
T h e  re s u lts  p o in t to  th e  fa c t th a t u n d e r  o p tim a l e x p e r im e n ta l 
c o n d it io n s , s a m p le d  C W  is n o t l im ite d  to  p ro b in g  th e  H T S C  
sa m p le s  o n ly  w h e n  th e  f lu x  lin e s  a rc  p in n e d  o r  n e a r ly  p in n e d  
b u t ra th e r  c a n  p ro b e  a  la rg e  te m p e ra tu re  a n d  f ie ld  ra n g e  w h e re  
th e  in te ra c t io n  m e c h a n is m  is  d if fe re n t . A ll e a r l ie r  re s u lts  on  
s i n t e r e d  H T S C  m a t e r i a l  a n d  u s i n g  p u l s e - e c h o  ty p e  o f  
m e a s u re m e n ts  re v e a le d  o n ly  th e  b ro a d  re la x a tio n  p e a k  d u e  to  
T A F F  ( th e rm a lly  a c tiv a te d  flu x  f lo w )  [ 5 , 6 ]. A lso  e a r l ie r  re s u lts  
o n  s in g le  c ry s ta ls  u s in g  to r s io n a l o s c i l la to r  (7 ] a n d  v ib ra tin g  
re e d  [8 ] te c h n iq u e s  re s u lte d  in  a  sh a rp  p e a k  in  d is s ip a t io n , w h ic h  
w as  a g a in  id e n tif ie d  w ith  th e  d e p in n in g  tr a n s it io n  o f  th e  flu x  
l in e s  a lo n g  w ith  th e  a rg u m e n t  th a t  th e  m e l t in g  p h e n o m e n a  
fo l lo w s  th is  tr a n s it io n . B u t n o n e  o f  th e  tcch n iq u c .s  h a v e  b e e n  
a b le  to  c le a r ly  s e p a ra te  m e l tin g  tr a n s it io n  o f  f lu x  lin e  la t tic e  a n d  
th e  re g im e  o f  d e p in n in g  tr a n s it io n . T h e s e  tw o  tr a n s it io n s  a rc  
v e ry  w e ll s e p a ra te d  a n d  v is ib le  in  th e  s a m p le d  C W  re s u lts  on  
Y B a 2C u ,0 ^ ^ .
T r a n s i t i o n  f r o m  n o r m a l  to  s u p e r c o n d u c t i n g  s t a te  a t  a  
c h a ra c te r is t ic  te m p e ra tu re ,  in  n e a r  z x ro  a n d  n o n -z e ro  m a g n e tic  
f ie ld , is  a n o th e r  m a jo r  f in d in g  in  th is  s tu d y  u s in g  s a m p le d  C W  
te c h n iq u e .  T h e  r e s u l t s  o b ta in e d  f o r  tw in n e d  Y B C O  a re  in  
e x c e l le n t  a g g re e m e n t w ith  p u b l i s h e d  n u m b e rs  fo r  th e  s lo p e  o f  
H ^ 2(T )  e x tr a p o la te d  v a lu e
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